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Abstract: We present a novel method for the analysis of the Doppler broadened 
spectrum of gamma photons emitted following the annihilation of surface trapped 
positrons with the electrons of bilayer graphene supported on polycrystalline Cu 
substrate. The method relies on the measurement of the energy of the Doppler shifted 
annihilation gamma photons in coincidence with the Auger electrons emitted following the 
decay of the contemporaneously produced annihilation induced hole. Through the 
selection of annihilation gamma corresponding to O KVV (adsorbed O), C KVV 
(graphene), and Cu MVV (substrate) Auger transitions, we have decomposed the 
annihilation gamma spectrum into spectral components representing annihilation of the 
positron with 1s electrons of C and O and 3p electrons of Cu. These experimentally 
derived Doppler broadened gamma line shapes agrees well with the theoretically derived 
model line shapes demonstrating the ability of our method to resolve a complex Doppler 
line shapes into its veiled electronic level constituents which has, heretofore, only been 
achieved through theoretical analysis. We have also demonstrated the reversibility of the 
analysis method by decomposing the Auger spectra into regions which corresponds to 
the annihilation gamma photons with a large Doppler shift or to Auger spectra correlated 
with annihilation gamma photons with a small doppler shift. The reverse analysis provides 
additional proof that Auger transitions following deep valence annihilations result in the 
emission of low energy electrons.   
The introduction of mono-energetic, low-energy positron beams with the ability to 
measure the energy of positron induced electrons has resulted in several enlightening 
surface science experiments over the past few years [1-10]. Combining positron-induced 
electron spectroscopy with the most widely used positron spectroscopy tool—Doppler 
Broadening spectroscopy [11,12]—is expected to illumine the physical processes 
involved in positron-surface interactions [13], and will provide an experimental testbed for 
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ab-initio methods for calculating material-dependent positron annihilation parameters 
[14,15]. Here, we present initial results from this new class of positron annihilation 
spectroscopy, that combines time of flight (ToF) positron annihilation-induced Auger 
electron spectroscopy (PAES) with Doppler Broadening Spectroscopy (DBS), through 
which we can measure concurrently both the energy and momentum of the bound 
electrons with which a positron annihilates. Although the positrons trapped in the surface 
state will predominantly annihilate with valence electrons, a few percent will annihilate 
with core electrons. The resulting annihilation-induced hole may decay via the promotion 
of an Auger electron past the vacuum level of a material—a sequence of events that forms 
the foundation of the PAES technique [1]. The measured energy of the emitted Auger 
electron is characteristic of the binding energy of the electron with which the positron 
annihilates, and therefore provides valuable information about surface processes, surface 
electronic structure, and surface elemental composition. Additionally, the gamma rays 
produced by the positron-electron annihilation provide information regarding the 
elemental composition and defect structure of the material at the site of annihilation. This 
information is obtained by analyzing the line-shape of the Doppler-broadened annihilation 
gamma peak and is the basis of the second technique, DBS. The Doppler broadening of 
the 511 keV annihilation gamma peak is dominated by the momenta of the electrons with 
which the positron annihilated; therefore, analysis of the broadened line-shape results in 
the measurement of the component of the local electronic momentum parallel to the 
direction of gamma emission. A variation in the defect concentration or defect type or 
elemental composition at the site of annihilation (by process or design) will modify the 
Doppler broadened gamma line shape because of the variation in the contribution of the 
individual electronic level component to the total Doppler spectrum. Up to this time, 
analysis of the individual components of the Doppler spectrum was done entirely using 
ab-initio calculations and has turned out to be an important component for the 
interpretation of the positron data. We present initial results concerning the simultaneous 
measurement of both the energy and momentum of surface electrons at the site of 
positron annihilation on bilayer graphene on Cu and its utilization in the experimental 
extraction of the individual electronic level constituents of the total Doppler broadened 
spectra.  
Eshed et al. and Kim et al. have previously described results in which the energies 
of the annihilation gamma quanta were measured in coincidence with annihilation-
induced Auger electrons from samples of Cu and Ag [16,17]. They measured the energy 
of the Auger electrons with a trochoidal energy analyzer, and therefore the Doppler 
broadening of the annihilation gamma was measured in coincidence with Auger electrons 
that were constrained to a narrow range of energies—thus limiting the generalization of 
the technique. The recent development of a new positron beam equipped with a 3 m 
electron time-of-flight (ToF) spectrometer at the University of Texas at Arlington has 
granted us the ability to measure a broad range of electron flight times in coincidence with 
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the energy of the Doppler-shifted annihilation gamma rays [18–20]. In the ToF-PAES 
technique, the energy of an emitted electron is determined from its ToF, which is 
measured as the time difference (∆t) between the detection of the electron at a micro-
channel plate (MCP) detector and the detection of the annihilation gamma by the HPGe 
detector—the primary advantage of this technique being the simultaneous and efficient 
collection of all electrons occupying a wide range of energies. Utilizing the capabilities of 
the advanced positron beam system at UT Arlington, we have measured the energy of 
the annihilation gamma in coincidence with the full range of relevant electron energies. 
The apparatus consists of a variable energy positron beam, a sample chamber, an 
electron ToF analyzer with an electron flight path of ~ 3 m, and a high-purity Ge detector 
(HPGe), which are described in detail elsewhere [18]. The details relevant to the present 
experiment are as follows: The sample was biased to -0.5 V, with respect to the ToF 
analyzer, and a beam of positrons with a mean kinetic energy of ~ 4 eV—an energy 
selected in order to minimize the number of impact-induced secondary electrons—was 
used to probe the sample. The annihilation gamma rays emitted from this sample were 
collected by the HPGe detector, and the resulting detector pulses are used for both timing 
and energy measurements; by unifying these two measurements, the gamma energy of 
each individual positron-electron annihilation is correlated with the time-of-flight (∆t) of the 
annihilation-induced Auger electron. This ∆t is derived using the analysis of digitally 
collected signals from the HPGe detector and the MCP detector using internally 
developed software, and a two-dimensional array representing the coincident 
measurement of the electron ToF and the annihilation gamma energy is constructed [19, 
20]. The sample itself consists of bilayer graphene on a substrate of polycrystalline Cu, 
procured from ACS materials [21]; and the presence of graphene on the substrate was 
verified by established features in the Raman spectra [22]. Previous investigations of a 
similar sample have shown the presence of oxygen adsorbed on the graphene overlayer 
[23], and so we should expect Auger transitions associated with O along with those from 
C and Cu. 
The 2D array (i.e. the histogram) consisting of the coincident electron flight times 
and annihilation gamma energies is represented by the heat map in Figure 1(a), which is 
an expanded view of the region around the 511 keV annihilation gamma peak. This 
histogram is comprised of 2048×1024 cells, with each cell containing the number of 
electrons that were both: (1) Detected within that cell’s ToF range; and (2) were coincident 
with annihilation gamma photons that were measured to be within that cell’s gamma 
energy range. If we then project all the counts of the 2D histogram onto the ToF axis, we 
acquire the cumulative positron annihilation-induced Auger electron spectrum given in 
Figure 1(b); and a projection onto the gamma energy axis likewise yields the Doppler-
broadened gamma spectrum of Figure 1(c). Returning to Figure 1(a), we can observe the 
expected broadening of the annihilation gamma peak within the ToF range of 0.8 µs–0.2 
µs, which correlates to O KVV, C KVV, and Cu M2,3VV Auger electron emission. This 
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variation in the Doppler broadening is consistent with the relationship between the 
maximum Doppler shift of the annihilation gamma energy and the electron binding 
energy.  
We can use the correlation between the electron ToF and the Doppler shifted 
gamma energy to extract the specific constituents of the total annihilation gamma 
spectrum in the following way: The cumulative PAES spectrum in Figure 1(b) is comprised 
of four main features; these are the peaks corresponding to the Cu M2,3VV (0.8 µs–0.65 
µs: 58 eV), C KVV (0.65 µs–0.3 µs: 263 eV), O KVV (0.3 µs–0.2 µs: 503 eV) Auger 
transitions, along with a broad feature produced by electrons with energies less than 15 
eV. We can extract the gamma spectrum of O 1s annihilations by integrating the counts 
in the 2D histogram that correspond to the range of O KVV Auger electron flight times 
(highlighted in diagonally striped orange in Figure 1(b)). Likewise, the individual spectra 
of gamma photons emitted following positron annihilation with C 1s and Cu 3p electrons 
can be extracted by integrating the 2D histogram over their respective highlighted regions 
(C: solid blue; Cu: dashed green) in Figure 1(b). These component spectra are given in 
Figure 2, which provides only the high energy region (>= 511 keV) of the resulting peaks; 
the low energy region is affected by insufficient charge collection within the detector and 
does not properly reflect the annihilation processes in the sample. The gamma spectra 
have also been expressed in terms of the parallel component of the electron-positron pair 
(𝑝𝑝𝐿𝐿), calculated using the relation of Eq. 1: 
𝑝𝑝𝐿𝐿 =  2∆𝐸𝐸𝑚𝑚0𝑐𝑐2  𝑚𝑚0𝑐𝑐          (1),  
where ∆𝐸𝐸 is the measured Doppler shift from 511 keV, 𝑚𝑚0 is the rest mass energy of an 
electron, and 𝑐𝑐 is the speed of light. We have subtracted the chance coincidence 
background from these spectra by collecting a non-coincident gamma spectrum—in an 
otherwise identical configuration as the coincidence spectrum—and scaling it by a factor 
derived from the average background counts beyond the O KVV peak. The width of the 
extracted annihilation peak increases consistently with increasing binding energy of the 
electron with which the positron annihilates (~ 75 eV for Cu to ~ 540 eV for O); the line 
shape is reflective of the one-dimensional momentum density distribution for the thermal 
positron and the electron of each particular orbital (1s for C and O, and 3p for Cu).  
In order to verify the efficacy of our ability to obtain discrete orbital level 
contributions to the total Doppler-broadened spectra, we compared the shape of the 
experimentally extracted annihilation peaks to the theoretically calculated line shapes 
(solid lines in the Figure 2(a)-(c)). These line shapes were generated by a simple atomistic 
calculation that does not require details of the atomic positions or the surface structure 
[24]. This method is particularly suitable in the present case, as we aim to calculate the 
Doppler-broadened line-shapes from the core levels that are intrinsically highly atomistic. 
The annihilation peak shapes of these atomic orbitals are primarily influenced by the 
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Coulombic potential of the nucleus and contain very little of the contributions due to the 
specific atomic arrangement in the bulk or—in our case—on the surface; therefore, the 
momentum density of the positron-electron pair along one direction of momentum for an 
electronic state 𝑖𝑖 (𝜌𝜌𝑖𝑖(𝑝𝑝𝐿𝐿)) is found by integrating the three-dimensional momentum 
density, given by Eq. 2, over the other two directions in momentum space:  
𝜌𝜌𝑖𝑖(𝐩𝐩) =  𝜋𝜋𝑟𝑟𝑒𝑒2𝑐𝑐�∫ 𝑒𝑒𝑗𝑗𝐩𝐩.𝐫𝐫 𝜓𝜓+(𝐫𝐫)𝜓𝜓𝑖𝑖−(𝐫𝐫)�𝛾𝛾(𝐫𝐫)𝑑𝑑𝐫𝐫�2  (2), 
Here, 𝑟𝑟𝑒𝑒 is the classical electron radius, c is the speed of light, 𝜓𝜓+ is the positron 
wavefunction, 𝜓𝜓𝑖𝑖− is the electron wave function, and 𝛾𝛾 is a state independent 
enhancement factor that describes the local enhancement in electronic charge density at 
the site of positron annihilation. These calculations have been performed using the 
methods described by Ref. [24].  
The calculated line-shapes were then convoluted with a 1.39 keV FWHM 
Gaussian—to represent the instrument response function of the digital HPGe gamma 
spectrometer at 511 keV—and scaled by an intensity factor using an error-weighted, one-
parameter least-squares method [25]. The reader should note that the Cu M2,3VV Auger 
peak (highlighted in orange between 0.8 µs–0.65 µs in Figure 1(b)) floats on top of the 
inelastic tail of the C KVV Auger peak. We estimate that ~ 33% of the electron intensity 
in the Cu M2,3VV region is comprised of inelastically scattered C KVV Auger electrons; 
therefore, the experimental gamma spectrum corresponding to the Cu M2,3VV region 
(Figure 2(a)) contains within it a contribution from both Cu 3p and C K shell annihilations. 
We must consider this contribution in the calculated spectra shown in Figure 2(a) (pink 
circles), which is comprised of a 67% contribution from the calculated (and convoluted) 
spectra due to Cu 3p annihilations, and a 33% contribution from the calculated spectra 
for C 1s shell annihilations. And, thus, the calculated spectra were successful in 
describing the extracted gamma line-shapes for C, O and Cu—demonstrating the 
singularity of this technique in analyzing Doppler-broadened annihilation gamma spectra. 
A “reverse” analysis can also be performed to obtain the spectra of Auger electrons 
that are correlated with different regions of the annihilation gamma spectrum; such 
analyses can indicate the origin of the electrons comprising the ToF spectrum. For 
example, integrating the counts in the 2D histogram that correspond to the very high 
momentum region in annihilation gamma spectrum (516–524 keV: 20 × 10−3– 50 ×10−3 𝑚𝑚0𝑐𝑐), we obtain a ToF spectrum (Figure 3(a)) representing only those Auger 
electrons that were emitted following the decay of 1s shell holes in C and O. More 
specifically, the ratio of intensity of the O KVV Auger peak to the C KVV Auger peak in 
Figure 3(a) is approximately two times the ratio of O KVV and C KVV intensities in the 
cumulative ToF spectrum in Figure 1(b). Moving the region of integration to 513–516 keV 
(8 × 10−3– 20 × 10−3 𝑚𝑚0𝑐𝑐) results in an increase in the C KVV Auger peak prominence 
relative to the O KVV Auger peak; additionally, we note the appearance of the Cu M2,3VV 
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Auger peak along with an enhancement of intensity in the low electron energy region. We 
should expect such a result if we consider the smaller magnitude of the Doppler shifts 
associated with the Cu 3p and C 1s shell annihilations relative to the Doppler shifts of O 
1s shell annihilations. Finally, the electron ToF spectrum correlated to gamma photon 
energies between 510–512 keV (−4 × 10−3– 4 × 10−3 𝑚𝑚0𝑐𝑐) is shown in Figure 3(c). The 
spectrum elucidates the process of low energy electron emission (< 15 eV) by indicating 
that these low energy electrons are associated with a minimal Doppler shift of the 
annihilation gamma photons. Annihilation gamma photons with minimal Doppler shift is 
mostly emitted during positron annihilation with valence electrons [26]; and, the fact that 
the intensity of the low energy electrons relative to the core Auger peaks increases almost 
six times when moving from the high momentum region (Fig. 3(c)) to the central region 
(Fig. 3(a)) provides further evidence that these low energy electrons (particularly those 
with energies between 4 eV to 15 eV) are emitted following the Auger decay of deep 
valence (C VVV) or shallow core (O LVV) electronic levels [6,7].  
One immediate application of the technique—a technique with which, in concise 
terms, we can correlate the binding energy of an annihilation-induced core hole with a 
particular component of the annihilated core electron’s momentum—will be to explicate 
the processes responsible for positron annihilation-induced ion desorption in oxide 
surfaces. This correlation can, in principle, lead to an unambiguous identification of the 
primary positron annihilation-induced hole that initiates the process of ion desorption [27]. 
And, with regard to future applications, the potential for augmentation of the technique 
also exists: An apparatus capable of measuring the lifetime of the implanted positron (via 
the use of a pulsed positron beam) in addition to the energies of the coincident electrons 
and gamma photons can provide definitive chemical signatures of the surface defect 
states at which positrons annihilate. Furthermore, we have initiated a program in which 
the experimentally derived gamma line-shapes from standard surfaces are used in 
conjunction with the theoretically derived line-shapes to train a deep neural network for 
automatically predicting the chemical composition of complex materials solely from the 
Doppler-broadened gamma spectra—for example, in inaccessible or internal surfaces. 
The momentum density distribution of electron orbitals that contribute to the total Doppler 
spectra extracted using the electron-gamma coincidence method described here will play 
crucial role during the training of the deep neural network.   
In summary, we have presented the results of a method for experimentally 
measuring the individual electronic core-level contributions of Doppler-broadened gamma 
spectra from the topmost atomic layer of a sample. We have used this technique to obtain 
the Doppler-broadened gamma spectra of: (i) 1s shell annihilations within C atoms of 
bilayer graphene; (ii) 1s shell annihilations within O atoms adsorbed on bilayer graphene; 
and (iii) 3p annihilations within the Cu substrate of the bilayer graphene; and a comparison 
of these decomposed spectra with theoretically calculated line-shapes substantiated the 
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experiment. Applying the method “in reverse”—by which the electron ToF spectra 
corresponding to selected momenta of the annihilating electron-positron pair are 
obtained—provided valuable evidence that the intensity seen in the low-energy region of 
the ToF-PAES spectra is primarily due to the Auger decay of deep valence holes or 
shallow core levels.  
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Figure 1 (a) A heat map representation of the two-dimensional array consisting of the 
energies of the electron ToF vs. the gamma photon energy. Notice the increase in 
broadening with the decrease in ToF (or increase in Auger electron energy). (b) The total 
Auger electron ToF spectrum. The regions of interest—and, therefore, the regions of 
integration—are highlighted: Solid light blue for C KVV and diagonally striped orange for 
O KVV. The horizontal dashed blue line is the level of background that is considered 
during the subtraction process. The results of these integrations are provided in Figure 2. 
(c) The cumulative Doppler broadened annihilation spectrum, also with highlighted 
regions of interest. The solid grey region covers 510–512 keV, and the diagonally striped 
region covers 513–516 keV keV, whereas the region with dotted lines correspond to 516 
to 524 keV. These results are provided in Figure 3. 
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Figure 2 The error-weighted, one-parameter least-squares fit to (a) the spectrum of 
Doppler shifted annihilation gamma photons measured in coincidence with the electrons 
under the Cu M2,3VV Auger peak in the ToF-PAES spectra shown in Fig. 1(b). The 
experimental spectrum is fit with a calculated Doppler spectrum that consists of the 
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theoretically calculated one dimensional electron-positron momentum density distribution 
obtained when positron annihilates with Cu 3p electrons and the momentum density 
distribution when positron annihilates with C 1s electrons. The Doppler broadened 
gamma line associated with Cu 3p annihilations forms 67% of the calculated Doppler 
spectra whereas Doppler spectra of C 1s annihilations forms the rest of it.  (b) The Doppler 
spectra measured in coincidence with electrons under the C KVV spectrum fit with the 
theoretically calculated electron-positron momentum density distribution when positron 
annihilates with C 1s electrons. (c) Similarly, Doppler spectrum measured in coincidence 
with electrons under the O KVV Auger spectrum fit with the theoretically calculated 
Doppler line shape associated with positron annihilation with O 1s electrons. 
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Figure 3 (a) The ToF-PAES spectra derived from the 2D coincidence spectrum by 
integrating along the high-momentum region of the 511 keV peak (516 keV–524 keV)—
which represents an accumulation of larger Doppler shifts. The spectra show an increase 
in relative intensity of the core Auger peaks and a decrease in the relative intensity of the 
low energy electrons (long ToF) region in comparison to the cumulative spectra ToF-
PAES spectra shown in Fig. 1(b). (b) The ToF-PAES spectra derived from the 2D 
coincidence spectrum by integrating along a mid-region of the Doppler broadened 
annihilation gamma spectrum (513 keV–516 keV) allows all the Auger-related features to 
appear, but with larger intensity showing up in the low energy region  (c) By integrating 
along the center region of the 511 keV peak (i.e. very little Doppler shift) we obtain a ToF-
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PAES spectrum with large intensity in the low energy regions (note the difference in the 
vertical axis range). This along with the variation of the intensities provide additional 
evidence (complementary to what was shown in [6] and [7]) that these low energy 
electrons are Auger emissions following the annihilation of positrons with deep valence 
(VVV) or shallow core (LVV) electrons. The vertical lines represent the energy at which 
each respective peak is expected to occur (O KVV: 503 eV; C KVV: 263 eV; Cu M2/2VV: 
58 eV).  
